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Summary
In the developing brain, excessive neurites are
actively pruned in the construction and remodeling of
neural circuits. We demonstrate for the first time that
the pruning of neurites occurs in the simple neural
circuit of Caenorhabditis elegans and that a novel
transcription factor, MBR-1, is involved in this pro-
cess. We identified MBR-1 as a C. elegans ortholog of
Mblk-1, a transcription factor that is expressed prefer-
entially in the mushroom bodies of the honeybee
brain [1]. Although Mblk-1 homologs are conserved
among animal species, their roles in the nervous sys-
tem have never been analyzed. We used C. elegans
as an ideal model animal for analysis of neuronal de-
velopment. mbr-1 is expressed in various neurons in
the head and tail ganglia. A comparison of the mor-
phology of mbr-1-expressing neurons revealed that
excessive neurites connecting the left and right AIM
interneurons are eliminated during larval stages in
wild-type but are sustained through the adult stage
in the mbr-1 mutant. In addition, mbr-1 expression is
regulated by UNC-86, a POU domain transcription fac-
tor, and the pruning of the excessive AIM connection
is impaired in the unc-86 mutant. These findings pro-
vide an important clue for further genetic dissection
of neurite pruning.
Results and Discussion
Identification of mbr-1, the Mblk-1 Homolog
in C. elegans
Honeybee Mblk-1 encodes a transcriptional activator
with two helix-turn-helix (HTH) DNA binding motifs,
termed RHF1 and RHF2 [1–3]. A database search of
the C. elegans genome revealed two neighboring open
reading frames (ORFs), T01C1.2 and T01C1.3, which
are homologous to regions ofMblk-1 that encode RHF1
and RHF2, respectively [1]. We isolated a full-length
cDNA that includes the T01C1.2 and T01C1.3 regions
by the reverse transcription-polymerase chain reaction
(RT-PCR) and rapid amplification of cDNA ends (RACE)*Correspondence: stkubo@biol.s.u-tokyo.ac.jp
4These authors contributed equally to this work.methods (Figure 1A). No other homologous sequence
with RHF motifs was identified, indicating that the iso-
lated cDNA corresponds to the single C. elegans or-
tholog of Mblk-1, and we named it mbr-1 (Mblk-1-
related factor 1). MBR-1 consists of 433 amino acid
residues (Figures 1B and 1C), and the RHF2 motif of
MBR-1 also has significant similarity with those of
Mblk-1 homologs of Drosophila (E93), mouse (Mlr1 and
Mlr2), and human (LCoR) (Figures 1C and 1D) [4–6]. The
human LCoR interacts directly with nuclear receptors
through the NR-box (also known as the LXXLL motif)
[6], and this motif is also conserved in MBR-1 (Figures
1B and 1C).
Expression Analysis with GFP Reporter Genes
To examine the mbr-1 expression pattern, we con-
structed two reporter genes and created strains carry-
ing these genes as extrachromosomal arrays. The pro-
moter fusion construct Pmbr-1::gfp contains gfp fused
to 5 kbp of the 5# upstream sequence of mbr-1,
whereas mbr-1::gfp represents a translational fusion
construct in which gfp is inserted in the second exon
of mbr-1 in frame (Figure 1E).
In strains that carry Pmbr-1::gfp, GFP expression was
observed in restricted sets of interneurons in the head
ganglia: AIM, RIC, RIH (or RIR), RIF (or RIG), and a pair
of interneurons tentatively identified as AIN (Figures 1E,
2A, and 2F). Expression was also observed in three in-
terneurons of the tail ganglia: PVP and an interneuron
tentatively identified as DVA or DVC (Figure 1E). In
contrast, mbr-1::gfp was expressed in several more
neurons compared to Pmbr-1::gfp, including sensory
neurons (Figure 1E; Figures S1A–S1D). Expression of
mbr-1::gfp was also detected in some intestinal cells at
the late embryonic stages as well as in vulval cells and
some somatic gonadal cells at the L4 stage (Figure 1E;
Figures S1C and S1D). The MBR-1::GFP fusion protein
was localized to the nuclei (Figures S1A and S1C), con-
sistent with the idea that MBR-1 functions as a tran-
scription factor. The differences in the expression pat-
terns of Pmbr-1::gfp and mbr-1::gfp might be due to the
following reasons: first, additional regulatory elements
might exist in introns and 3#-UTR regions, which are
not included in the former construct; and second, as
the product of Pmbr-1::gfp diffuses throughout the cyto-
plasm, it might be difficult to detect low levels of GFP
expression. mbr-1::gfp expression becomes detectable
first around the early comma stage (Figures S1E–S1L),
which corresponds to the time just after the birth of
most neurons [7], suggesting that the initiation of mbr-1
expression is a postmitotic event. Furthermore, mbr-
1::gfp expression in neurons was most prominently
observed at the L1 stage, suggesting that MBR-1 func-
tions mainly during early larval stages (data not shown).
mbr-1 Mutants Have a Neuroanatomic
Defect in AIM Interneurons
To investigate the role ofmbr-1, we generated anmbr-1 de-
letion mutant by the TMP/UV method. The mbr-1(qa5901)
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1555Figure 1. Structure and Expression of mbr-1
(A) Genomic organization of mbr-1 and its position on Linkage Group X (LGX). The exon-intron structure and location of mbr-1 cDNA and
location of the deletion in the mbr-1(qa5901) mutant (from –669 to +1600 site) are also shown.
(B) Predicted amino acid sequence of MBR-1. Two HTH DNA binding motifs, RHF1 and RHF2, are shadowed, and RHF2 is underlined. The
NR box is boxed.
(C) Comparison of the domain structures of Mblk-1 homologs. Ce, C. elegans; Dm, Drosophila melanogaster; Am, Apis mellifera; Mm, Mus
musculus; Hs, Homo sapiens. The percentages indicate the sequence identities within RHF1 or RHF2.
(D) Alignment of the RHF2 motifs of Mblk-1 homologs. The numbers indicate the positions of amino acid residues. Amino acid residues
conserved in both vertebrates and invertebrates are indicated by a reverse background, and those conserved either within vertebrates or
invertebrates are shaded. The positions of the three helices are indicated by horizontal bars.
(E) Schematics of the transcriptional reporter Pmbr-1::gfp and the translational fusion construct mbr-1::gfp and a table summarizing their
expression patterns. Results from multiple independent lines of each transgene are summarized.
(F) mbr-1 genomic fragment used for rescue of mbr-1(qa5901).mutant lacks the 2269-bp mbr-1 region corresponding
to approximately 0.7 kbp of the 5# upstream region and
a large portion of the coding region containing the NR-
box and the RHF1 motif (Figure 1A). The mbr-1(qa5901)
mutants are viable and fertile and have no obvious mor-
phologic or locomotor defects (data not shown).
We next examined whether mbr-1 is involved in neu-
ral development. For this, we created wild-type and
mbr-1(qa5901) mutant strains that carry Pmbr-1::gfp as
extrachromosomal arrays to visualize the mbr-1-express-
ing neurons and compared their morphology. In the
mbr-1(qa5901) mutant adults, the left and right AIM
neurons were frequently connected by abnormal neu-
rites (Figures 2A, 2B, and 2F). Three-dimensional con-
struction of this abnormal AIM connection observed in
mbr-1(qa5901) mutants further confirmed that the neu-
rites extended from the AIM neurons and not from any
other neurons (Movie S1). This abnormal connectionwas observed in approximately 40% of the adults of
two independent lines of mbr-1(qa5901);Ex[Pmbr-1::gfp]
but was rarely observed in either of the three indepen-
dent lines of Ex[Pmbr-1::gfp] (Figure 2G). In mutant ani-
mals that expressed different levels of GFP in the left
and right AIM neurons, the abnormal neurites also dif-
fered in fluorescence intensity on the left and right side
of the midline, suggesting that the extra neurites ex-
tend from both the left and right AIM (Figure 2E). The
wild-type mbr-1 transgene partially rescued the defect
in two independent experiments, demonstrating that
mbr-1 is responsible for the proper outgrowth of AIM
neurons (Figure 2G). One reason that only a partial res-
cue was obtained might be improper expression levels
of the artificially induced mbr-1 gene. LCoR, a human
homolog of Mblk-1/MBR-1, functions synergistically
with nuclear receptors through the NR-box, and LCoR
overexpression leads to the repression of transactiva-
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1556Figure 2. Morphology of AIM Neurons in
Wild-Type and mbr-1(qa5901) Mutant
(A–D) Morphology of neurons expressing
Pmbr-1::gfp in the wild-type (A and C) and
mbr-1(qa5901) (B and D) at the adult (A and
B) and L1 stages (C and D). Excessive neu-
rites connecting the left and right AIM neu-
rons observed in adult mbr-1(qa5901) (B)
and both wild-type and mbr-1(qa5901) in L1
larvae (C and D) are indicated by white ar-
rows. Scale bars, 5 µm.
(E) AIM neurons of an mbr-1(qa5901) adult in
which neurites extending from the left and
right AIM have different fluorescent intensity.
Note that the lower half of the excessive AIM
neurites expresses stronger GFP fluores-
cence.
(F) Schematic of the excessive AIM connec-
tion observed in adult mbr-1(qa5901) viewed
from the dorsal aspect. Green color repre-
sents Pmbr-1::gfp-expressing neurons, and
the red line represents an excessive connec-
tion between AIM neurons.
(G) Percentage of individuals with excessive
AIM connections in the wild-type animals
(open box, rhombus, and triangle for lines 1,
2, and 3, respectively), mbr-1(qa5901) mu-
tants (filled box and rhombus for line 1 and
line 2, respectively), and animals rescued
with the mbr-1 transgene (hatched box and
rhombus for line 1 and line 2, respectively).
Numbers in parentheses show the number of
animals examined. The asterisk indicates a
statistically significant difference (p < 0.05) in
the χ2 test between wild-type line 1 andmbr-
1(qa5901) mutant line 1 at each develop-
mental stage.tion by these nuclear receptors [6]. Therefore, MBR-1
expression might need to be regulated more accurately
to achieve proper function. In mbr-1(qa5901) mutant
adults, extra neurites were not observed in AIY or AIZ,
which are interneurons located close to AIM, suggest-
ing that not all paired interneurons have such excessive
connections (data not shown). Finally, there were no
significant differences in overall GFP expression be-
tween the mbr-1(qa5901) mutant and wild-type ani-
mals, suggesting that mbr-1 expression is not auto-
regulated.
Excessive Neurites of AIM Neurons Are Pruned
during Larval Stages in the Wild-Type Nematode
To determine when the abnormal connection of the AIM
neurons in the mbr-1(qa5901) mutant first appears, we
analyzed the morphology of AIM neurons at the larval
stages. Surprisingly, in the larval stages, the connection
between AIM neurons was detected in the wild-type as
well as in the mbr-1(qa5901) mutant (Figures 2C, 2D,
and 2G). In wild-type animals, this unexpected connec-
tion was observed in approximately 70% of the L1 lar-
vae but was nearly extinct by the adult stage (Figure
2G). In contrast, in the mbr-1(qa5901) mutant, the per-
centage of individuals that had this AIM connection de-
clined from approximately 70% to around 40% during
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mhe early larval stages, and this rate was retained until
he adult stage (Figure 2G). These observations sug-
est that the paired AIM neurons of the wild-type ani-
al project excessive neurites to each other during
arly larval stages and then eliminate these neurites to
orm the mature neural circuit in the adult stage and
hat mbr-1 is involved in this event.
To exclude the possibility that this excessive AIM
onnection is due to side effects of the use of the exog-
nous mbr-1 promoter, we also analyzed the morphol-
gy of the AIM neurons of transgenic animals that carry
zig-3::gfp (Otls14). Pzig-3::gfp contains gfp fused down-
tream of the zig-3 promoter, and the transgenic ani-
als express GFP in AIM neurons [8]. The excessive
IM connections were also pruned during larval stages
n this strain, although the ratio of animals with exces-
ive AIM connections was slightly higher than in ani-
als carrying Pmbr-1::gfp, and pruning was significantly
mpaired in the mbr-1(qa5901) mutant (Figures 3C–3E;
igure S2A). We did not observe AIM neurons at L1–
3 stages in the mbr-1(qa5901) mutant because zig-3
xpression was either absent or attenuated, suggesting
hat MBR-1 regulates zig-3 expression in AIM neurons
uring early larval stages (data not shown). We also de-
ected excessive AIM connections in the wild-type and
br-1(qa5901) larvae as well as in the mbr-1(qa5901)
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1557Figure 3. mbr-1 Expression and Pruning of
Excessive AIM Neurites Are Impaired in unc-
86 Mutants
(A and B) Pmbr-1::gfp expression in the head
region of wild-type (A) and unc-86 (e1416)
(B) in the adult stage. In wild-type animals,
seven neurons of four classes in this region
express GFP. In unc-86 (e1416), GFP expres-
sion was absent in AIM and RIH or RIR
neurons.
(C–F) AIM neurons analyzed with Pzig-3::gfp
expression in wild-type larva (C), adult (D),
mbr-1(qa5901) mutant adult (E), and unc-
86(n846) mutant adult (F). Excessive AIM
neurites are observed in the wild-type larva
as well as in the mbr-1(qa5901) and unc-
86(n846)mutant adults as indicated by white
arrows. Scale bars, 5 µm.adults by anti-serotonin antibody staining of AIM neu-
rons, which are serotonin positive (Figure S2B) [9]. The
fact that the AIM neurons of mbr-1(qa5901) mutant ani-
mals are serotonin positive suggests that the cell fate
of AIM neurons is not severely affected.
mbr-1 Expression Is Regulated by UNC-86
We next searched for factors involved in the regulation
of mbr-1 expression. We hypothesized that the POU
domain transcription factor UNC-86 acts upstream of
mbr-1 for the following reasons: (1) expression of unc-
86 and mbr-1 overlaps in some subclasses of neurons,
including AIM [10]; (2) a 14-bp sequence, CCATAATT
TATCAG, which exists in the 5# upstream region of
mbr-1, closely matches the consensus UNC-86 binding
site, GCAT(T/A)A(T/A)T(T/A)ATNAG [11]; and (3) unc-86
is involved in cell fate determination in C. elegans [12].
To test this hypothesis, we examined the expression of
Pmbr-1::gfp in the unc-86(e1416) mutant. GFP expres-
sion was attenuated in AIM and RIH (or RIR) neurons,
both of which express unc-86 (Figures 3A and 3B) [10].
For AIM, 30 adults each of the wild-type and unc-
86(e1416) mutant were examined, and GFP was de-
tected in all the wild-type adults but not in any of theunc-86(e1416) mutant adults. The absence of GFP ex-
pression is not due to the absence of the cells them-
selves because lineages of AIM and RIH/RIR neurons
are not impaired in the unc-86(e1416) mutants [10]. In
contrast, in RIC and neurons tentatively identified as
AIN, which likely do not express unc-86 [10], GFP ex-
pression was normal in the unc-86(e1416)mutants (Fig-
ures 3A and 3B). Essentially the same results were ob-
tained from another unc-86 mutant allele, unc-86(n846)
(data not shown). Taken together, these results strongly
suggest that UNC-86 regulates the expression of mbr-1
in a cell-autonomous manner. It is possible that UNC-
86 directly regulates mbr-1 expression via its binding
site located 5# upstream of mbr-1.
Next, we examined whether pruning of excessive
AIM connections is also impaired in the unc-86 mutant
animals. Excessive AIM connections were frequently ob-
served in unc-86(n846) mutant adults carrying Pzig-3::gfp,
as in the mbr-1(qa5901) mutant adults (Figures 3E and
3F), and in the unc-86(n846) mutant, the percentage of
adults with excessive AIM connections was 56% (n =
50), which was slightly higher than that observed in
mbr-1(qa5901) mutant adults (Figure S2A). These re-
sults strongly suggest that UNC-86 also has a role in
Current Biology
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of mbr-1 expression.
Neurite Pruning in C. elegans
Recent studies in mammals and insects suggest that
the initial version of the nervous system is a rough ap-
proximation requiring significant refinement [13]. In
these animals, axonal pruning has an essential role in
refining the neural circuit [14, 15]. Here, for the first
time, we demonstrate evidence of neurite pruning in
C. elegans at the larval stage. These findings raise
questions as to how and why the excessive neurites
are generated during development and then eliminated
in later stages. The head ganglia of C. elegans are bilat-
erally symmetrical, and most of the subclasses, includ-
ing AIM, have a pair of left and right neurons that share
common morphologic and functional features [7, 16].
The left and right neurons extend their neurites along
the body axis to the nerve ring to make junctions with
each other, suggesting that they have homophilic in-
teractions. We have often observed that left and right
AIM neurons were located very close to each other,
even in wild-type animals, which might reflect their ho-
mophilic affinities. It is thus plausible that these neu-
rons tend to be attracted to each other with exuberant
sprouting. C. elegans might tolerate such extra out-
growths during early larval stages and then refine them
to establish the adult neural circuit. We are uncertain,
however, whether the connections between the left and
right AIM neurons are functional (whether synapses or
gap junctions exist between these outgrowths). It is
necessary to further analyze the behavioral and physio-
logic phenotypes in mbr-1 mutants to clarify the signifi-
cance of neurite pruning in AIM neurons. It should also
be noted that the pruning of excessive AIM connec-
tions in C. elegans differs from some developmental
axon pruning previously reported in other organisms in
that the event does not occur in every individual but
rather in a stochastic manner during the larval stages [13].
The involvement of MBR-1 in neurite pruning in C. ele-
gans is also interesting from the view of comparative
neurobiology. Mushroom body (MB) neural circuits of
worker honeybees are modulated depending on the
bees’ experience and age [17]. Because the remodeling
of neural circuits is expected to occur through pruning
as well as the connecting of neurites, it might be that
the honeybee Mblk-1 also has a role in MB remodeling.
In Drosophila, the MBs undergo remodeling during
metamorphosis, and the medial and dorsal branches
of MB neurons are pruned in the process of adult MB
formation [15]. This pruning requires a heterodimer of
two types of nuclear hormone receptors, the ecdysone
receptor isoform B1 and the RXR homolog Ultraspira-
cle [18]. Interestingly, E93, the Drosophila homolog of
Mblk-1, is induced by ecdysone and is involved in the
destruction of larval tissues during metamorphosis by
inducing apoptosis activators such as hid and rpr [4,
19]. Although hid and rpr are not involved in MB axonal
pruning during metamorphosis [20], it is possible that
E93 is involved in both the destruction of larval tissues
and MB axonal pruning by inducing different signaling
pathways. Indeed, we observed no apparent defects in
the apoptosis that occurs in specific cell lineages dur-
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hown). Thus, in the nervous system, MBR-1, and pos-
ibly E93, might activate signaling pathways unrelated
o apoptosis. We also demonstrated thatmbr-1 expres-
ion is regulated by the POU-domain transcription fac-
or UNC-86. POU-domain transcription factors have a
ariety of roles in neural development in both verte-
rates and invertebrates [12, 21–23]. Their roles in
eurite pruning, however, have never been analyzed.
nvolvement of the UNC-86-MBR-1 transcriptional cas-
ade could be tested in other axonal pruning systems.
In summary, we present evidence that neurite prun-
ng occurs in C. elegans and that a novel transcriptional
ascade, UNC-86-MBR-1, is involved in this process.
. elegans might be a useful model animal for future
nalysis of the mechanisms involved in neurite pruning.
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